Abstract: -A Capillary Pumped Loop is a sort of "two-phase heat transport device". In this study, the micro capillary pumped loop (MCPL) and temperature sensors embedded in the micro-channels were fabricated using MEMS technology. An open type of MCPL was applied to determine the thermal analysis of MCPL corresponding to different injection volume flow rates under the condition of constant heating power 20W. A series of experiments yielded numerous results and are as follows: first, a larger injection volume flow rate results in a lower system temperature. Second, the thermal bubbles begin to degenerate into smaller bubbles at Q volume = 2 l/min. In addition, the phenomenon of slug flow is observed with increasing injection volume flow rates, especially for the case of Q volume = 15 l/min. Although the temperature of MCPL was reduced with the injection volume rate, the MCPL possessed an almost constant temperature difference regardless of injection volume flow rate. These findings will be useful in determining the optimal design of MCPL.
I Introduction
Capillary Pumped Loops are similar to heat pipes in that the effective thermal conductivity of a CPL is derived from the vaporization and condensation of its working fluid. The main difference between the two approaches is that the vapor and liquid flow in a heat pipe is in contact and run in opposite directions but the vapor and liquid flows in a CPL are separated into individual channels, thus providing three advantages: first, it could increase thermal isolation between the vapor and liquid [1] . Second, it could provide significant improvement of geometric freedom by separating the evaporator and condenser. Finally, because the wicking structure has been removed from a majority of the device, the pressure drops are reduced along the vapor and liquid lines, allowing for larger mass flow rates under the capillary pumping limit.
Research on CPL started in 1961 when Laub and McGinness began to investigate a two-phase thermal control system called a Capillary Pumped Loop [2] . Although they only examined a capillary pumped vapor generator, their work was later expanded on by Stenger in 1966, who reported on two CPLs capable of transporting more than 800 W over 50 ft [2] . Since then, the CPL has been rigorously examined, and observed to be governed by the same limits as heat pipes. One-dimensional paradigms to design and predict their performance have been established [1] . There are many challenges in transitioning MEMS technologies to this specific application, some of which are related to micro-fabrication design, including material and geometric characteristics and overall flow dynamics. Many of the technical challenges bring up extremely interesting problems related to the physics of micro-heat transfer and fluid mechanics. There are numerous potential configurations for consideration when developing a micro-cooler. A micro-cooler may make use of micro-scale phase changes or single-phase heat transfer to reject heat from electronics packages, as is the case with miniature heat pipes [3, 4] .
The conceptual design and fabrication of a micro-CPL was first presented by Kirshberg, et al [5] . It encompassed the initial design of a completely passive three-port micro-CPL. It is important to realize that micro-devices can support extremely high gradients because of their small size. The evaporator region can be placed in direct contact with the micro-processor, sensors, or other electronic components for which cooling is required and used to maintain an optimal temperature. The advantages of this approach are threefold: first, it provides precise temperature control at the chip-level. Second, the overall cooling is more efficient because specific heat sources within the electronics package may be targeted. Third, the overall size of the electronic system can be kept small. Regardless of the configuration, an effective micro-cooler will have to be able to fully control the movement of fluids throughout the system. The combination of micro-scale heat transfer and fluid dynamics along with high surface-to-volume ratios make the development of an efficient micro-cooler a challenging endeavor.
A few of these issues that have been identified in our research will be discussed and presented below. These issues relate to the physics of micro-scale heat transfer and phase change phenomena, including interfacial dynamics. The development and optimization of such systems will require better understanding of these physical issues. Eventually, a novel thermal management system should be designed to control liquid, vapor transport, innovative micro-scale heat acquisition and rejection regions.
This paper is a continuation of Wang, et al. [6] demonstrating the first type of micro-CPL of which the authors are aware. To simplify operational issues of the system, an open-loop type system will be used and integrated with the micro-temperature sensor in the system to determine the thermal effect related to the thermal bubble in this study.
II THE MICRO CAPLIIARY PUMPED LOOP STRUCTURE

Components of MPCL
Dimensions of the MCPL previously addressed [6] have been revised by an optimal analysis. Four primary components of MCPL, including the condenser, evaporator, liquid line, vapor line and vapor capillary wick structures, were constructed using standard MEMS technology according to the dimensions of the new system design and are shown in Table 1 
Micro Temperature Sensor
To evaluate the thermal performance of MCPL and gain a quantitative insight into the thermal effect with more precision, twelve micro-temperature sensors were embedded in the microchannels and initially located at s 1 , which is near the inlet port along the flow direction to s 12 . Each sensor was fabricated using an electron beam evaporator and is composed of 300 Å of Titanium and 1000 Å of Platinum for a total thickness of 1300 Å. In addition, the conducting line was connected to a temperature sensor with a thickness of 300 Å of Titanium and 2000 Å of Aurum also fabricated with an evaporator. All temperature sensors were calibrated before experimentation. The complete prototype of MCPL and micro temperature sensors shown in Figure 1 was utilized for the following studies. Figure 1 The prototype of MCPL and twelve locations of temperature sensor
EXPERIMENTAL RESULTS AND DISCUSSION
Experimental method
The conditions of this experiment was to utilize a constant heating power but with different injection volume flow rates for the purpose of determining the thermal performance of system. To simplify the operation of MCPL, an open loop with a clog hole between the location S 11 and S 12 was used. The pure water was injected into the system chip from the inlet port with a micro-syringe pump (Cole Parmer 74900 series) and was allowed to fill up all the loops. Four kinds of injection flow rate Q volume =1, 2, 5 and 15 l/min and a constant heating power P=20 W were required. In addition, a CCD camera (SONY SSC-E473) was also used as a supplementary instrument for flow visualization of thermal bubble moving in the micro-channel.
Start up of MCPL at a constant heating power(P=20W) and no injection volume flow rate (Q volume = 0)
In this experiment a welding blowpipe connected with a variable voltage was applied to act as a heater for imitating a hot spot. The heating power was obtained by the formula P=V rms 2 /R, where P is the heating power, V rms indicates the input voltage, and R is the resistance of the welding blowpipe. After all the loops of the system were filled up with water and a zero volume flow rate (Q volume =0) was established, the evaporator region was heated by the welding blowpipe with a constant heating power P=20 W. The nucleation phenomenon of thermal bubble and its motion in the channel was observed. In addition, the temperature distribution of the system chip was also recorded for the purpose of evaluating the thermal performance. During the first heating interval of 10 minutes, nucleation of thermal bubble began to occur in the evaporator and then moved forward in the direction of the liquid line and vapor line simultaneously. At the same time, circulation of the MCPL as a result of the nucleation of thermal bubble occurred. Figure 2 shows that the motion of the interface between the liquid and vapor in the channel is clogged when the heating time was more than 25 minutes. This phenomenon indicates that a thermal equilibrium of system was reached. This ratiocination was confirmed by the evidence shown in Figure 3 . Figure 3 shows that the temperature distribution of system will increase with the first heating interval of 20 minutes because the thermal bubble begins to generate and the interface of the thermal bubble moving forward to the direction of liquid line and vapor line. The system stays in a non-equilibrium state at this stage. When heating time was over 25 minutes, the temperature of system approaches a steady state. As for the thermal performance of MCPL, location S 3 , which was nearest to the evaporator, had the highest temperature. In contrast, the lowest temperature occurred at location S 9 since it was near the condenser. The temperature difference between location S 3 and S 9 was almost 40 degrees Celsius. These results indicate that there is a larger temperature difference between the evaporator and condenser. Injection volume flow rate and constant heating power P=20W To evaluate the correlation between the thermal bubble and the temperature difference of MCPL, a constant heating power P=20 W and four kinds of injection volume flow of Q volume =1, 2, 5 and 15 l/min was applied. The results are as follows: Figure 4 shows that the thermal bubble in the liquid line will degenerate into smaller bubbles due to wall shear stress and the slug flow will happen at a larger injection volume flow rate. When the injection volume flow rate was increased and reached the amount Q volume = 15 l/min, the production rate of smaller thermal bubble increased and moved rapidly to the condenser. It is interesting to note the correlation between the thermal bubble and temperature difference of MCPL at different injection volume flow rates, as Figure 5 indicates that applying a larger injection volume rate will result in a lower temperature. A temperature difference between location 9 and location 6 was almost ΔT 96 = 20 degrees Celsius for different injection volume rates. Although the temperature distribution of MCPL was reduced as an effect of the injection volume rate, the MCPL exhibited an almost constant temperature difference regardless of injection volume flow rate. 
CONCLUSION
This study discusses the thermal performance of MCPL at different injection volume flow rates under the condition of constant heating power P=20W. A series of experiments were executed and numerous results were analyzed as follows: first, applying a larger injection volume rate resulted in a lower system temperature of system. Second, numerous smaller bubbles occurred during degeneration at Q volume = 2 l/min, and the phenomenon of slug flow appeared immediately as the injection volume flow rate increased, especially for the case of Q volume = 15 l/min. Although the temperature distribution of MCPL was reduced due to the injection volume rate, the MCPL possessed an almost constant temperature difference regardless of injection volume flow rate. These findings will be useful for determining the optimal design of MCPL.
